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Low molecular-weight organic gelators are widely used to influence the solidification of polymers, with applications ranging from packaging items, food containers to organic electronic devices, including organic photovoltaics. Here, this concept is extended to hybrid halide perovskite-based materials. In-situ time-resolved grazing incidence wide angle x-ray scattering (GIWAXS) measurements performed during spin-coating reveal that organic gelators beneficially influence the nucleation and growth of the perovskite precursor phase. This can be exploited for the fabrication of planar n-i-p heterojunction devices with MAPbI3 (MA = CH3NH3 + ) that display a performance that not only is enhanced by ∼25% compared to solar cells where the active layer was produced without the use of a gelator but that also feature a higher stability to moisture and a reduced hysteresis. Most importantly, the presented approach is straight-forward and simple, and it provides a general method to render the film-formation of hybrid perovskites more reliable and robust, analogous to the control that is afforded by these additives in the processing of commodity 'plastics'.
Introduction
The recent introduction of hybrid organic-inorganic perovskites as solution-processable photoactive component for use in thin-film photovoltaic (PV) devices [1] [2] [3] [4] has galvanized the PV community as it promises to bring to the market a low-cost, high-efficient and versatile thin-film PV technology. Thanks to the eclectic features of hybrid perovskites, various thinfilm device layouts have so far been explored with the main emphasis more recently being directed on the design and processing of polycrystalline perovskite-based devices. [5] [6] [7] [8] [9] Thereby, much effort has been focused towards improving the surface coverage of the solution-processed perovskite active layer, e.g., by increasing the size and quality of their crystalline domains
. [10] [11] [12] The latter was shown to reduce the overall bulk defect density, mitigating recombination, improving charge transport characteristics, and reducing the hysteretic behavior by suppressing ions/carriers trapping during solar cell operation.
Various strategies, such as thermal annealing, [13, 14] additive inclusion, [15] [16] [17] [18] modification of precursor concentrations and carrier solvents [19, 20] and high-temperature-casting [21] have been investigated so far to control perovskite structure, grain size, degree of crystallinity and stability to moisture -however with varying success. [21, 22] Here, we introduce the use of commercially available, low molecular-weight organic gelators (LMOGs) LMGOs are commonly used additives in the commodity plastics area because they promotealready at minute quantities -gelation of polymer solutions or melts upon cooling while they have no effect on these systems at elevated temperatures. [23] LMOGs are, thus, used in a number of industrial applications, [23] thanks to their easily tunable molecular structures that makes them compatible with a wide range of plastics. More recently, they proved to be useful in controlling the solidification of organic PV blends and a range of organic semiconductors, small-molecular and polymeric, where they acted as nucleating agent. [24] Amongst the plethora of LMOGs that are commercially available, 1,3:2,4-di-O-benzylidene-D-sorbitol (DBS) and its derivatives are some of the most versatile gelators because they feature hydrophobic phenyl rings in combination with polar hydroxyl groups making them compatible with a wide range of materials of varying polarity. The assembly of LMOGs is dynamic and reversible, and it involves the formation of a hydrogen bond network caused by (i) the presence of these terminal hydroxyl groups and (ii) the specific molecular geometry of DBS derivatives ( Figure 1 ). This assembly promotes the aggregation of nanoscale fibers and the gelation of the solvent that leads to crystal nucleation in many plastics. The question remains, however, whether these useful additives also can be exploited for controlling the solidification of other materials than plastics, including inorganic/organic hybrid materials such as hybrid perovskites.
Here we demonstrate the reproducible fabrication of highly efficient and stable MAPbI3-based solar cells by introducing a very small quantity of organic gelator as additive to the hybrid perovskite precursor solution. We show that analogous to the use of this additive in combination with the bulk commodity polymer isotactic polypropylene (i-PP) or a range of organic semiconductors, [24] a small quantity of specific LMOGs is sufficient to control the nucleation and solid-state structure formation of the active hybrid perovskite layer, providing a tool to control the resulting solid-state microstructure of the perovskite phase. Using a combination of rheometry data and in-situ x-ray diffraction measurements performed during spin-coating of the active layer, we show that one LMOG studied here, i.e. MDBS, forms within the precursor solutions a three-dimensional network that is stabilized thanks to very specific and balanced supramolecular interactions of this additive with the precursor solvate phase. This network impacts the polycrystalline film formation of the hybrid perovskite, leading to a very compact array of crystalline domains. Noticeably, addition of MDBS seems to lead to the formation of a thermodynamically more stable perovskite thin-film structure, as our thermal analysis data indicates. Device performance is thereby not compromised: planar n-i-p heterojunction devices prepared with MAPbI3 and MDBS display increased device performance from 11.5%
(reference device without additive) to 14.5% (with MDBS). In addition, a notably decreased device-to-device performance variation and a reduced hysteresis is observed for the devices comprising the LMOG. As importantly, the introduction of a small amount of LMOG lowers the crystallization temperature of the perovskite system to below 100°C which assist controlling the solidification processes. Also, the stability to moisture seems to increase. These features combined with the relatively high photovoltaic efficiency make the use of LMOGs a simple and effective method foreseeing relevant industrial applications of perovskite solar cells.
Results and discussion
Methyl-substituted derivatives of DBS are frequently used to gel polar aprotic solvents. Hence, we selected two common DBS derivatives -i.e. MDBS and DMDBS-as they can be dissolved into solvent systems such as 2:1 γ-butyrolactone-dimethylsulfoxide (γBL-DMSO), often used to deposit the MAPbI3 precursor. Since MDBS and DMDBS are slightly apolar, their solubility in γBL-DMSO especially at lower temperatures is, however, somewhat limited. This ensures that the solvent mixture can be gelled. [25] We first tested the gelling ability of either DBS derivative by adding 0.1 wt%, 0.5 wt% or 1 wt% of these LMOGs to γBL-DMSO, followed by heating these mixtures to 125 °C while stirring until clear solutions were obtained. Cooling these solutions to room temperature, we find that MDBS forms a relatively weak gel, while DMDBS forms a mechanically more stable gel (Figure. S1a, Supporting Information). When the LMOGs were added to perovskite precursor (PbI2 + MAI) solutions, using again different LMOG concentrations (0.1 wt%, 0.5 wt% or 1 wt%), beneficially, no immediate gel formation was found to occur after cooling. Also, the cooled solutions appeared to be of lower viscosities compared to systems where no perovskite precursor had been added. We attribute this behavior to the fact that the gelation behavior of LMOGs in a complex environment of solvated salts often is different when compared to a scenario where they are used in a solvent system without salts. [25] This could be a beneficial finding when formulating 'inks' that are compatible with solution-based coating and manufacturing methodologies as undesirable, early-stage gelation can be prevented. [23] To quantify the above observations and to obtain further information on the potential network formation of the LMOGs and how this changes the interplay between the solvent molecules and the MAPbI3 precursors, [26, 27] we measured the variation of the complex viscosity (η*) of MAPbI3, MAPbI3-MDBS and MAPbI3-DMDBS solutions with frequency (Figure 2a) , as well as their frequency-dependent storage (G′) and loss (G′′) moduli (Figure 2b-d) . We observe that the addition of DBS derivatives to the MAPbI3 solutions significantly increases their complex viscosity in the frequency range analyzed, supporting our visual observations that the LMOGs have a notable gelating ability on the perovskite solutions. We attribute this fluid dynamical behavior to the well-known tendency of sorbitol derivatives to form a nanofibrillar network in a range of solvents, [23] as schematically depicted in Figure 1a .
More insights can be gained when comparing the storage and loss moduli of the pristine perovskite precursor solution with solutions containing MDBS or DMDBS (Figure 2b-d) . For the pristine solution, the loss modulus G′′ exceeds the storage modulus G′ over most of the frequency range that we measured. Moreover, both moduli strongly vary with frequency. This response indicates that the MAPbI3 solution behaves as a low viscosity liquid, [28] which is in agreement with our visual observations that these solutions were free-flowing. In strong contrast, the MDBS and DMDBS solutions show gel-like responses: G′ is larger than G′′ over the entire range of frequencies investigated here, indicating a dominant elastic behavior.
Moreover, their moduli are relatively frequency-independent, reflecting the presence of a network structure that is invariant (non-relaxing) over long time scales. [28] Comparing the moduli of the perovskite solutions containing MDBS or DMDBS to the corresponding solutions comprising only the LMOGs ( Figure S2 ), we find that both the G' and G'' moduli are higher for the MDBS-MAPbI3 solutions compared to the solution comprising only MDBS. Clearly, while MAPbI3 by itself is not a gelator for γBL-DMSO, it appears to synergistically strengthen the MDBS elastic network suggesting that possibly some interactions between this organic gelator and the perovskite precursor exist. In contrast, for DMDBS solutions (with and without perovskite precursor) the opposite is observed; i.e. the G' and G'' moduli are lower for the LMOG-MAPbI3 solutions compared to the solution comprising DMDBS only. We attribute this to the limited solubility of DMDBS in the solvent mixture and the reduced interaction of the LMOG with the inorganic species in these solutions. The latter likely is caused by the fact that this additive features rather apolar methyl groups with which neither the solvent molecules nor the perovskite precursor can strongly interact. [29] Such a picture is supported by scanning electron microscopy (SEM) data on films prepared from precursor solutions comprising DMDBS as the LMOG ( Figure S1b ). We observe micron-scale crystals of DMDBS segregated from the perovskite component which can only occur when there are limited interactions between the different species. Such a morphology, not surprisingly, leads to poor devices performance (Table S1 ).
In order to better understand the solid-state microstructure formation especially of the MDBS systems, where a certain interplay between the additive and the precursor exists, we went on to conduct in-situ time-resolved grazing-incidence wide-angle x-ray scattering (GIWAXS) measurements, uniquely performed during spin-coating of the perovskite formulations with and without organic gelators onto compact TiO2. An optimized solvent-engineering method was used, consisting of a two-step spin-coating process performed at different speeds (see experimental section for details) followed by dichloromethane (DCM) onto the drying layers to promote the formation of a precursor film. These can subsequently be thermally converted and crystallized into a uniform and smooth polycrystalline film. [30] [31] [32] In-situ GIWAXS measurements were used to follow the precursor film evolution through all the phases of the multi-step method we used. In Figure S3 , we show representative twodimensional GIWAXS images taken at critical times (t = 15, 30, 45 and 90 s) after initiating the spin-coating of the different solutions, highlighting the state of the sample at different moments.
We first discuss pristine solutions comprising no additives to highlight certain specific features of the development of perovskite thin films when deposited from solution. Specifically, the data taken at t = 15 and 30 s show evidence of a disordered precursor phase formation (q< 6 nm We also traced the time evolution of these various features using solutions of different additive content azimuthally integrating (see Figure S4 ) each GIWAXS snapshot taken with a timeresolution of 400 ms. We plot the 2D-intensity maps in Figures Table 1 .
For samples comprising MDBS, we find that in systems comprising 0.1 wt% of this additive, precursor crystallization occurs ∼50 s after the initial spin-coating process (i.e. post-DCM drip); this is ∼25 s later to when this process starts when 0.5 wt% MDBS is added. In this scenario, crystallization occurs only ∼25 s after the spin-coating that is well before the DCM drip. [NB.
For systems not comprising any LMOG crystallization on-set of crystallization is found to be around ∼40 s.] Clearly the addition of 0.1 wt% MDBS promotes formation of a disordered precursor phase and enhances this phase's longevity as compared with the pristine formulations.
Increasing the amount of MDBS to 0.5 wt% hinders formation of this disordered precursor phase and leads to an early onset of the precursor solvate crystallization. Since the state of the PbI2 and perovskite phases appears to be linked to the fate of the precursor solvate crystallization and whether it occurs post-drip (as in 0.1 wt% -MDBS formulations) or pre-drip (as in the 0.5 wt%-MDBS formulations) we deeper analyzed the scattering features of the various films at 90 s ( Figure 5g , Table 1 ). The as-cast films formed using 0. The importance of what type of precursor solvate phase forms in as-cast films stems from the fact that this seems to determine the final microstructure and morphology of the polycrystalline perovskite film that develops during annealing/precursor conversion. We scrutinized this hypothesis further conducting annealing experiments. We find that when heating thin films produced from the various solutions investigated here to 100 °C under N2, a striking difference in microstructure can be observed between perovskite films produced from pristine solutions and those comprising, respectively, 0.1 and 0.5 wt% of MDBS (Figure 4 ).
Upon heating, the additives show a strong tendency to crystallize into fibrillar structures (as reported before, see Ref. 29) even in presence of the perovskite precursors. These structures seem to induce the crystallization process of the perovskite phase at lower temperature compared to samples where no LMOG was added: at 60°C for perovskite/0.1 wt%-MDBS structures and at 40°C for perovskite/0.5 wt%-MDBS films. These observations agree with the evolution of the storage modulus G' with temperature (see Figure S5 ), which relatively rapidly increases at temperatures above 60 °C for systems to which LMOGs were added, while for the pristine perovskite precursors solution a steep increase of G' (which we attribute to crystallization) occurs only at temperatures > 80 °C. This suggests that additive affects the nucleation/assembly-process of the perovskite species through gel-network formation, [29] allowing the crystallization of perovskites to occur at lower temperatures.
This finding is supported by differential scanning calorimetry (DSC) measurements on the different precursors solutions. Figure 5a shows the DSC heating thermograms measured at 10°C/min, where the endotherm related to solvent evaporation has been subtracted in order to isolate the perovskite crystallization exotherm. While we find noticeable crystallization exotherms both for the neat MAPbI3 and MAPbI3/0.1 wt%-LMGO systems, this features displays a somewhat earlier onset (see Table S1 ) and is somewhat more pronounced when MDBS was used as the additive.
Deducing the crystallization enthalpy ∆Hc from the area of the respective exotherms (based on an extrapolated horizontal baseline aligned to the asymptotic value of the DSC signal at the end of the reaction), for different heating rates, we find that ∆Hc for MAPbI3/0.1 wt%-MDBS is significantly higher than for MAPbI3 (respectively, −115 ± 1 kJ/mol and−82 ± 4 kJ/mol -see Figure 5b and Table S2 ). This indicates that independent of heating rate, crystalline films of a higher degree of crystallinity are realized when using the MDBS additive. It also suggests that more stable structures are produced. In fact, a higher enthalpy measured for the perovskite formation process: PbI2 + MAI → MAPbI3, has previously been attributed to be a sign for the development of a more stable perovskite structure. [35, 36] The reason is that a higher enthalpy gain leads to a higher thermodynamic stability of the resulting perovskite compound. [37] The lower standard deviation found for ∆Hc for system with MDBS (Table S1 ) is in addition is a sign for a more reproducible crystallization process.
Introduction of MDBS has additional benefits. The narrower grain size distribution and the smaller grain size that seems to be realizable in systems comprising this LMOG according to our X-ray data (smaller FWHM) and that likely is a direct consequence of the nucleation effect of MDBS on the perovskite precursor, appears to lead to less light scattering. In addition, the presence of MDBS also leads to the formation of a more compact film (Figure 6a ), both effects contributing to a two-fold increase of the MAPbI3/0.1 wt%-MDBS film absorption in the UVvisible wavelength regime compared to films prepared without additives of comparable thickness (160 nm; see Figure 6b ). This should affect the light-harvesting capability of devices prepared with such structures.
An enhanced moisture resistance compared to samples prepared without LMGOs is also observed. Exposing perovskite films produced from a pristine precursor solution as well as samples where 0.1 wt% MDBS was added to 70% relative humidity (room temperature; ambient air) for 15 days, we observe a severe degradation of perovskite structure without additives. This is reflected in the significant increase in intensity of the (001) PbI2 diffraction measured in WAXS ( Figure S6 ), which becomes comparable to the (110) MAPbI3 reflection at 14.08°. In contrast, the aged MAPbI3/0.1 wt%-MDBS films display a PbI2 diffraction of rather low intensity, implying a much lower degree of decomposition. This reduced moisture sensitive of the latter samples likely is a direct consequence of (i) the more stable energy state of MAPbI3 structures produced with MDBS as additive (see Figure 5b) , and (ii) the formation of a more compact film (Figure 6a ) that make the polycrystalline film less accessible to hydration/decomposition reactions and to the infiltration of moisture.
As already briefly alluded to above, the presence of MDBS -perhaps not surprisingly-strongly affects the properties and performance of perovskite-based solar cells. Our results are summarized in Table 2 and Figure 6c where we also present a schematic illustration of the (Table S3 ). (iii) The reproducibility of device performances increases when this LMOG was used for their fabrication. Indeed, we find a very small device-to-device standard deviation (0.5%) which is drastically lower than what we observe for cells prepared from pristine solutions (1.6%; see Figure S7 ).
This superior photovoltaic performance that is observed for the devices from solutions comprising the additive, on the one hand, can be attributed to the formation of a very dense perovskite layer caused by the presences of MDBS (Figure 6a ). This can have a few likely benefits: such a dense active layers can prevent undesirable recombination processes that occur through direct contact between TiO2 and a hole transporting layer; it, thus, assists in increasing the charge collection efficiency and the fill factor, FF. On the other hand, enhancing the lightharvesting capacity of the active layer has a direct impact on the extracted current, resulting also in an average improvement in the power conversion efficiency. (Figure 6c ; Table 2 ) It is worth noting in this context that the thicknesses of the MAPbI3 layers with and without MDBS were comparable (160 ± 10 nm; Figure 6d ).
We seem also to learn about the structural requirements that lead to optimum device performance. For instance, we find that pristine MAPbI3 annealed for 10 minutes at 100°C presents the same PV performance of MAPbI3/0.1 wt%-MDBS system annealed for half of the time (5 minutes) at the same temperature ( Figure S8a ), likely owing to the earlier occurring of crystallization in the presence of MDBS. However, best solar cells for both systems are obtained with films annealed for 10 minutes (Figure 6c ). These conditions lead to perovskite/MDBSbased films that still contain a small amount of PbI2 ( Figure S8b ). The presence of some PbI2 may be beneficial because it might passivate the thin-film architecture. Previous reports have, for instance, shown that upon thermal annealing, PbI2 species can be preferentially confined at the grain boundaries of thin-film structures leading to successful passivation of them. This assists in controlling the carrier behavior along the heterojunction. Moreover, it will allow to substantially shorten currently used annealing protocols. [38] Finally, we verified the performance of devices prepared with various content of MDBS. The best performance is observed for cells comprising 0.1 wt% MDBS -i.e. a very minute amount, while higher contents of MDBS leads to performance degradation even though the additive still strongly influences the nucleation and growth of the perovskite phase. Clearly, an optimum can be realized where the additive produces ideal supramolecular assemblies [29, 39] for templating perovskite crystals growth, whereas at higher MDBS content more branched and less oriented structures appear to form within the perovskite film.
Conclusion
We demonstrated that commercially available organic gelators can be successfully used to control the crystallization process of perovskite precursor solutions and films through the formation of a fibrillary 3D-network. This network affects the crystallization thermodynamics of the precursor species and assists in lowering its crystallization temperature. It also renders perovskite formation more stable. Moreover, the presence of an optimal (minute) amount of MDBS (0.1 wt%) delays the formation of the precursor solvate, but results in a highly crystalline precursor phase. In contrast, too much of the additive accelerates precursor solvate formation which seems to be undesirable for creating highly crystalline structures. Subsequent annealing converts the solvated film into structures comprised of the perovskite phase.
Intriguingly the gel-like material created through use of LMOGs enables the formation of more compact films when flat TiO2 was used as substrate. This appears to make the perovskite drastically more robust towards exposure to moisture. The impact on the crystallization process has also important implications for device fabrication, where the use of organic gelators in future may assist in shortening the thermal annealing protocol. This could become beneficial when going to larger-scale device processing. These benefits come without compromising device performance. Indeed, we demonstrate that the use of MDBS improves the PCE of planar solar cells from 11.5% to 14.5%, while also a dramatically reduced hysteresis is observed for the systems that comprise the additive. Clearly, our approach allows at the same time to i) achieve very small device-to-device standard deviations, ii) improve stability to moisture of the final material compared to systems where no LMOG was added, iii) reduce hysteresis for planar n-i-p solar cells, and iv) lower the crystallization temperature below 100 °C. Our findings, thus, suggest that the use of LMOGs during the processing of perovskite-based materials can be a simple and effective method towards the robust and reliable fabrication of perovskite solar cells.
Experimental Section
Materials. All materials were purchased and used as received. Spiro-MeOTAD was purchased from Lumtec and PbI2, Lead (II) iodide ultra-dry 99.999% (metals basis), from Alfa Aesar.
CH3NH3I (MAI) was synthesized according to a reported procedure. 4 CH3NH3 (27.86 ml, 40%
in methanol, TCI) and hydroiodic acid (30 ml, 57 wt% in water, Aldrich) were mixed at 0 °C and stirred for 2 h. The precipitate was recovered by evaporation at 50 °C for 1 h. The product was washed with diethyl ether three times and finally dried at 60 °C in a vacuum oven for 24 h. Global (AM 1.5G) solar simulator (Newport 91160A) with an irradiation intensity of 100 mW/cm 2 . The solar simulator irradiance was set to 100 mW/cm 2 using a thermopile radiant power meter with fused-silica window (Spectra Physics Oriel, model 70260). All devices are tested using 100 ms delay time.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 
